ABSTRACT Coliphage M13 coat protein in synthetic bilayer membranes was labeled by use of 12,(4-azido-2-nitrophenoxy)stearoyl[I-14Clglucosamine, a photoreactive glycolipid probe that spontaneously inserts into membranes. In this model system, the probe preferentially labeled the proteins over the lipids. Experiments designed to test the probe's restriction to integral membrane proteins revealed that extrinsic proteins as well as external peptide fragments of integral membrane proteins were not accessible to the photogenerated nitrene on the fatty acid chain. Only integral membrane peptides were labeled by the membrane-bound probe. These results indicate that protein labeling can be effected specifically from within the hydrocarbon milieu of a model membrane system. Recently, we described the synthesis of several photoreactive probes designed for the high-resolution mapping of membrane proteins (1, 2). In addition, we demonstrated the ability of one of these probes, 12-(4-azido-2-nitrophenoxy)stearoyl[1-'4C]-glucosamine, designated 12-APS-GlcN, to specifically label the envelope proteins of Newcastle disease virus (3) and to follow the transmembrane dynamics involved in cholera toxin activity (4). These studies prompted further investigation into the nature of the interaction of the probe with membrane proteins in an effort to define the region of the probe's reactivity and to verify the probe's restriction to integral membrane proteins. Toward this goal, we have constructed phospholipid vesicles containing the 5000-dalton coat protein of the coliphage M13, which orients itself unidirectionally across the membrane bilayer under appropriate conditions (5). Because the amino acid sequence as well as the hydrophobic region of this protein are known, it should be possible to determine the position of the probe in the membrane by using the hydrophobic amino acids of the protein as a gauge of membrane depth.
Recently, we described the synthesis of several photoreactive probes designed for the high-resolution mapping of membrane proteins (1, 2) . In addition, we demonstrated the ability of one of these probes, 12-(4-azido-2-nitrophenoxy)stearoyl[1-'4C]-glucosamine, designated 12-APS-GlcN, to specifically label the envelope proteins of Newcastle disease virus (3) and to follow the transmembrane dynamics involved in cholera toxin activity (4) . These studies prompted further investigation into the nature of the interaction of the probe with membrane proteins in an effort to define the region of the probe's reactivity and to verify the probe's restriction to integral membrane proteins. Toward this goal, we have constructed phospholipid vesicles containing the 5000-dalton coat protein of the coliphage M13, which orients itself unidirectionally across the membrane bilayer under appropriate conditions (5) . Because the amino acid sequence as well as the hydrophobic region of this protein are known, it should be possible to determine the position of the probe in the membrane by using the hydrophobic amino acids of the protein as a gauge of membrane depth.
In this report, we show that M13 coat protein incorporated into dimyristoyllecithin (DML) vesicles is indeed labeled by the photoreactive probe (12-APS-GlcN) upon irradiation. Furthermore, evidence is presented that indicates that the probe does not label externally added coat protein, nor does it label amino acid residues of the protein that are shown to be outside of the phospholipid bilayer by trypsin cleavage experiments.
MATERIALS AND METHODS DML was obtained from Sigma or Calbiochem; trypsin treated with L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK) was purchased from Worthington. Both were used without further purification.
Preparation of M13 Coat Protein. M13 virus was grown and isolated as described by Wickner (6) with slight modifications. Escherichia coli strains K-37 and LA-9 were used for growing unlabeled and [3H]proline-labeled virus, respectively. The bacteria were cultured either in YT medium or in M63 minimal medium (7) to optimize the uptake of label. The M13 coat protein was extracted from whole virus by established procedures (8) and stored at either +40C or -20°C in 50 mM Tris buffer (pH 7.5).
Preparation of Coat Protein Vesicles. The M13 coat protein vesicles were prepared by using DML according to a cholate dilution protocol established by Wickner (5) . Briefly, 0.5 mg of coat protein in 1% sodium cholate was added to 0.2 ml of a 2% sonicated DML solution. The resulting solution was incubated for 0.5 hr at 200C followed by the addition of 15 ml of 0.1 M potassium phosphate buffer (pH 7.4) at 200C. Large vesicles (n1 ,um in diameter) were formed during overnight incubation at 200C; 0.02% sodium azide was present to prevent bacterial growth. The vesicles were collected by centrifugation at 44,000 X g for 0.5 hr at 4°C. Any free, unincorporated protein was removed from the vesicle sample by pelleting the resuspended vesicles onto a 25% sucrose pad. The free protein penetrated the sucrose layer; the vesicles were pelleted on top and could be easily removed with a pasteur pipette. Sucrose was removed by diluting the vesicle band in 15 ml of buffer and repelleting the vesicles at 44,000 X g for 0.5 hr. The vesicle pellet was resuspended in buffer (5 ,ug of protein and 95-200 gg of DML in 0.6 ml) and used directly for photoreactive labeling experiments described below. For In experiments involving trypsin treatment of the vesicles, unbound probe was removed by washing the vesicles several times. All of these procedures were carried out under red sfkty lights.
Trypsin Digestion of Vesicle-Bound M13 Coat Protein. Twenty-five microliters of 0.5% TPCK-treated trypsin was added to each 0.6-ml aliquot of irradiated or unirradiated vesicles containing approximately 38 ,g of [3H]proline-labeled coat protein. The samples were incubated for 1 hr at 370C, then centrifuged at 115,000 X g for 0.5 hr at 40C. The pellets were resuspended in 25 Ml of 0.1 M phosphate buffer (pH 7.4) and spotted on 500-,um silica gel-G thin-layer chromatography plates (20 X 20 cm) for separation of the labeled components. The supernatants were removed. Radioactivity was either measured directly or the supernatants were dried, resuspended in 25-50 ,l of buffer, and applied to thin-layer plates in order to separate free probe from any "4C-labeled peptide fragments. Controls for these experiments were (i) unirradiated and trypsinized, (if) irradiated and untrypsinized, and (iii) unirradiated and untrypsinized samples.
Thin-Layer Chromatography. The plates containing pellet fractions were developed in CHCI3/MeOH/HOAc/H20, 50:25:8:4 (vol/vol), whereas those containing supernatants were run in CHCl3/MeOH/NH40H, 65:35:5 (vol/vol). In both cases, protein and peptide fragments remained at the origin and were well separated from lipids and free probe. The thin-layer plates were exposed to no-screen x-ray film or scraped into Triton/ toluene scintillation fluid for measurement of radioactivity on a Beckman model LS-100c liquid scintillation counter.
NaDodSO4/Polyacrylamide Gel Electrophoresis. Slab-gel electrophoresis was carried out in the dark on 10/15% polyacrylamide discontinuous (10 ml of each) or gradient gels with a 2.5% acrylamide stacking gel and a 1% NaDodSO4/Tris/ glycine running buffer. The samples were boiled for 2 min in reducing sample buffer before application. After electrophoresis, gels were stained with Coomassie blue and prepared for fluorography by established procedures (9, 10). Fig. 1 shows the results of an experiment in which a suspension of M13 vesicles containing the photoreactive probe, 12-APS-GlcN, was irradiated for 5 min. The band corresponding to the M13 coat protein on an autoradiogram of a slab gel after electrophoresis is radioactively labeled in the irradiated sample (lane B), whereas the unirradiated control shows no corresponding band (lane A). The large radioactive spot just below the protein band represents radiolabeled lipid and free probe in the irradiated sample and simply free probe in the control. The radioactive material at the top of the gel in the irradiated sample (lane B) is probably aggregated M13 coat protein and not material (protein) that has been crosslinked by irradiation; none of this radioactive material is seen at the top of Fig. 3 , in which lanes B and C both contain irradiated protein samples. M13 coat protein is notorious for remaining at the top of NaDodSO4/polyacrylamide gels, especially when more than 3-4 ,g of protein is applied. We therefore attribute the material at the top of the gel in Fig. 1 is well separated from the labeled lipid and free probe. As seen in Table 1 , there is more than a 10-fold increase in the [14C]-probe-associated counts in the protein spot of the irradiated sample over those in the control. This demonstrates that the photoreactive probe is indeed capable of labeling proteins in model membrane systems at least as efficiently as those in natural membranes (1) .
RESULTS AND DISCUSSION
Interestingly, the radioactivity associated with the protein is considerably higher than expected from the molar ratio of protein to lipid used in this experiment. In fact, for a model membrane containing only 0.4 mol % protein, the proteinassociated 14C radioactivity is about 16% of the lipid-associated radioactivity (see Table 1 ). This represents a 40-fold increase in efficiency on a mole-to-mole basis. Such a discrepancy between the amount of protein labeled and the amount of protein present may indicate that the reactive species of the probe is a short-lived electrophilic intermediate such as azacycloheptatetraene (11 monitor the location of the photoreactive group in a vesicle suspension. We asked the following question. Can the probe label proteins or parts of proteins that are external to the hydrophobic portion of the membrane? In Fig. 3 Fig. 3 , lane A, contains only low levels of radioactivity in the lipid region. In the gel system shown in Fig. 1 4 and unpublished data). Collectively, these studies point to the wide applicability of this photoreactive molecule and reinforce our assumption that the probe-protein complexes formed upon irradiation are indeed reflecting events occurring inside the membrane rather than on its surface. Because the glycolipid probes spontaneously insert into any membrane system, the protocol we have developed for labeling membrane proteins is not restricted to use with model membrane vesicles (13) or cultured cells (13, 14) .
